Two distinct enzymes with aryl-L-aminoacylamidase activity were found in cellular extracts of Streptococcus durans. One of these enzymes was strictly an arylamidase lacking any observable N-terminal exopeptidase activity. The other enzyme functioned as an aminopeptidase capable of catalyzing the hydrolysis of a variety of L-peptide and arylamide substrates. The arylamidase (molecular weight, 80,000) purified 425-fold to homogeneity preferred arylamides containing large hydrophobic side chains, whereas the partially purified aminopeptidase (molecular weight, 300,000) preferred substrates with small nonpolar or basic side chains. Neither enzyme contained any endopeptidase or carboxypeptidase activity. The purified arylamidase was unaffected by metal chelators, but Mn2+ and Mg2+ did act as nonessential activators exclusively affecting the maximal velocity. The arylamidase-catalyzed hydrolysis of L-leucyl-p-nitroanllide exhibited a bell-shaped pH dependence for log V.Iax/Km (pKj of 7.2; pK2 of 8.5), whereas the log V,,.,-versus-pH profile showed only an acid limb (pK of 6.8). The ionizable group responsible for the basic limb of the log V,/K.-versus-pH profile corresponded to the a-amino group of the substrate L-leucyl-p-nitroanilide (pKa = 8.5). Diazoacetyl-DL-norleucine methyl ester (2 mM) in the presence of 100 mM Cu + caused a rapid inactivation of the enzyme (t1a of 24 min). Neither parachloromercuribenzoate (0.5 mM) nor N-ethylmaleimide (50 mM) had any effect on the arylamidase activity. Reversible noncompetitive inhibition was observed for iodoacetate (Ki of 30 mM), N-acetylimidazole (Ki of 4.0 mM), and ethyl acetimidate (K1 of45 mM), although time-dependent irreversible inactivation was not observed with these reagents. (2, 21) . If the metal ions needed by the bacterial aminopeptidases play a direct role at the active site but are not needed by the arylamidases that lack N-terminal exopeptidase activity, then hydrolysis of arylamides by these two types of enzymes must proceed via a substantially different mechanism. The present study is part of an investigation into the mode of action of S. durans arylamidase. This enzyme, which is present in farily large quantities, is quite stable and therefore well suited for mechanistic studies. This paper describes the purification of the arylamidase, its substrate specificity, and its metal ion dependence. The parameters characterizing the pH dependence of its catalytic activity were determined. The effect of amino acid-modifying agents on enzyme activity was also investigated.
The intracellular enzymes responsible for the hydrolysis of peptide and amide bonds have been studied in a number of microorganisms. Three distinct aminopeptidases and a single dipeptidase have been detected in homogenates of Saccharomyces cerevisiae (10) . Desmond et al. (6) have found three L-aminopeptidases and one D-aminopeptidase in studies with Bacillus subtilis (strain 168). Lactobacillus casei (7) possesses N-and C-terminal exopeptidases in addition to a single dipeptidase. Arylamidases have also been isolated from Pseudomonas aeruginosa (21) and Neisseria catarrhalis (2) and have been found to possess N-terminal exopeptidase activity as well. The present study involving Streptococcus durans detected two distinct enzymes with arylamidase activity. One arylamidase lacked any detectable N-terminal exopeptidase activity, whereas the second enzyme possesses considerable aminopeptidase activity.
Very little is known about the catalytic mechanism of bacterial arylamidases. Unlike many of the bacterial aminopeptidases which have essential metal ion requirements (7, 18, 19, 26) , the bacterial arylamidases do not appear to have such a requirement (2, 21) . If the metal ions needed by the bacterial aminopeptidases play a direct role at the active site but are not needed by the arylamidases that lack N-terminal exopeptidase activity, then hydrolysis of arylamides by these two types of enzymes must proceed via a substantially different mechanism. The present study is part of an investigation into the mode of action of S. durans arylamidase. This enzyme, which is present in farily large quantities, is quite stable and therefore well suited for mechanistic studies. This paper describes the purification of the arylamidase, its substrate specificity, and its metal ion dependence. The parameters characterizing the pH dependence of its catalytic activity were determined. The effect of amino acid-modifying agents on enzyme activity was also investigated.
MATERIALS AND METHODS
Materials. L-Alanyl-p-nitroanilide was obtained from United States Biochemical Corp.; L-lysyl-p-nitroanilide was obtained from ICN Nutritional Bioche-MACHUGA micals. L-Aspartic acid-13-naphthylamide was purchased from Vega Biochemicals. Ethyl acetimidate and 4-chloromercuribenzoate were obtained from Aldrich Chemical Co. The oxidized 3-chain of insulin was supplied by Boehringer Mannheim Corp. All other chemicals were obtained from Sigma Chemical Co.
Culture media. Yeast extract and peptone were obtained from Difco Laboratories.
Column resins and gels. DEAE-cellulose, hydroxyapatite, and Sephadex G-200 were obtained from Sigma. Chelex 100, obtained from BioRad Laboratories, was acid and base washed according to the procedure of Himmelhoch et al. (11) .
Protein markers. a-Chymotrypsinogen A (bovine pancreas) was obtained from Worthington Biochemicals Corp. All others were obtained from Sigma.
Cultures. The strain of S. durans was obtained from the American Type Culture Collection (ATCC 19432 resuspended in 50 ml of 0.5% NaCl and recentrifuged. Cell disnte n. The cell paste was suspended in 50 ml of 0.5% NaCl and was subjected to sonication for six 1-min intervals, using a Heat Systems-Ultrasonics Inc. sonic oscillator (model W225R) at a power setting of 7.0. During sonication, the cells were maintained at or below 8°C in a salt-ice bath. The crude cell extracts were then centrifuged at 48,000 x g for 60 min at 40C.
Arylamidase purification. All of the subsequent steps were performed at 4°C. The crude extracts were diluted with an equal volume of 0.1 M Tris (pH 7.5 at 4°C), and the pH was adjusted to 7.5 by dilute NaOH. Solid ammonium sulfate was added to precipitate proteins at 55% saturation. The precipitate was removed by centrifugation at 48,000 x g for 30 min at 4°C. Additional solid ammonium sulfate was added to the supernatant to isolate proteins in the 55 to 70% saturation range. The protein pellet was isolated by centrifugation (48,000 x g for 30 min at 40C) and was dissolved in 50 ml of 0.1 M Tris, pH 7.5. The sample was then dialyzed against 0.1M Tris, pH 7.5, and applied to a DEAE-cellulose column (2.5 by 25 cm) equilibrated with 0.1 M Tris, pH 7.5. The protein fraction was eluted with 800 ml of a linear sodium chloride gradient ( Enzyme assays. Hydrolysis of amino acid-p-nitroanilides was followed spectrophotometrically at 405 nm according to the method of Tuppy et al. (25) . Hydrolysis of amino acid-1-naphthylamides was followed spectrophotometrically at 350 nm. Carboxypeptidase activity was followed, using hippuryl-L-phenylalanine (9) and hippuryl-L-arginine (8) . Hydrolysis of peptide substrates was followed by estimation of the liberated amino acids with 2,4,6-trinitrobenzenesulfonic acid reagent in the presence of cupric ions (5) . Hydrolysis of the oxidized 1-chain of insulin was followed by measuring the released free amino acids with modified ninhydrin reagent (17) .
pH stabUity of the arylamdase. Enzyme samples were incubated in the following buffers: sodium acetate, pH 4 and 5; potassium phosphate, pH 6; Tris, pH 7 and 8; and sodium borate, pH 9 and 10. Equal portions were removed at various times and assayed for L-leucyl-p-nitroanilide (LPNA) activity in 0.1 M Tris (final pH 7.5).
Arylamdase inactivation studies. All of the following reactions were carried out at 25C. Equal portions were assayed for activity, using LPNA as the substrate. Reactions involving iodoacetate (20 mM) were carried out at pH 7 in 100 mM potassium phosphate buffer. N-Acetylimidazole reactions at concentrations ranging from 2 to 18 mM were carried out at pH 7.5 in 50 mM sodium borate (22) . The effect of 100 mM N-ethylmaleimide and 0.5 mM parachloromercuribenzoate were studied at pH 7, using 100 mM potassium phosphate buffer. Ethyl acetimidate studies were carried out in 50 mM sodium borate, pH 9, at reagent concentrations ranging from 20 to 200 mM. Inactivation by 2 mM diazoacetyl-DL-norleucine methyl ester in the presence of 100 mM copper acetate was carried out at pH 5.5 in 0.05 M sodium acetate (pH adjusted with HC104, which does not promote decomposition of the reagent).
Determinatin of the pK. for LPNA. A 20-ml sample of 0.5 mM LPNA was titrated with 5 mM NaOH at 25°C. A pKa value of 8.5 was obtained from the titration curve.
Other methods. Protein was estimated by the FolinCiocalteu procedure (15) . Bovine serum albumin was used as the standard protein. (27) . Gels were destained overnight in a mixture of methanol, acetic acid, and water (6:1:13 by volume).
Sodium dodecyl sulfate electrophoresis was carried out in 10% polyacrylamide gels containing 1% sodium dodecyl sulfate and buffered with 0.01 M sodium phosphate, pH 7. Protein samples at a concentration of 1 mg/ml were prepared according to the method of Weber and Osborn (27) . Molecular weight values for the individual polypeptide chains of the reference proteins were assumed to be as follows: bovine pancreas a-chymotrypsinogen A, 25,000; yeast alcohol dehydrogenase, 37,000; horse liver alcohol dehydrogenase, 41,000; bovine liver glutamate dehydrogenase, 53,000; bovine catalase, 60,000; and bovine serum albumin, 67,000.
Buffer solutions were prepared by adjusting 0.1 M solutions of either KH2PO4, Tris, or sodium borate (Na2B407.10H20) to the desired pH, using 12 M hydrochloric acid or 12 M sodium hydroxide. pH measurements were made at 4°C (enzyme purification buffers) or at 25°C.
RESULTS
Sephadex chromatography of cell extracts. Crude cell extracts of S. durans contained two distinct enzymes with aryl-L-aminoacylamidase activity (Fig. 1) . One of these enzymes, which accounted for the majority of the observed amidase activity, was best classified as an arylamidase, since it was unable to catalyze the hydrolysis of peptide substrates. However, the second enzyme appeared to have both N-terminal exopeptidase and arylamidase activities and was best categorized as an aminopeptidase. In addition to coelution of dipeptidase activity (Fig. 1) , enzymatic activities toward tripeptide (L-leucyl-L-Ieucyl-L-leucine) and protein (L-chain of insulin) substrates were observed to give the same elution profile. These aminopeptidase fractions, when rechromatographed on DEAE-cellulose, also gave identical amidase and peptidase elution patterns, suggesting that a single enzyme was responsible for both types of activity.
Purification of the arylamidase. Crude cell extracts were subjected to the purification steps outlined in Table 1 
when a hippuryl-L-phenylalanine or hippuryl-Larginine substrate was used.
Preliminary substrate specificity studies were also carried out on the partially purified aminopeptidase. At a substrate concentration of 1 mM, the aminopeptidase was more active toward dipeptides than the corresponding amino acid-p-nitroanilides. For example, L-leucyl-Lleucine was hydrolyzed 10 times faster than LPNA. At a 1 mM concentration, the aminopeptidase preferred amino acid-p-nitroanilide substrates with small nonpolar side chains (glycyl-pnitroanilide was 10-fold better than LPNA). Dipeptides containing D-amino acid residues at either position were unable to act as substrates. The partially purified aminopeptidase had no detectable endopeptidase or carboxypeptidase activity.
Effect of divalent metal ions on the arylamidase. Treatment of the purified enzyme with Chelex 100 did not result in any detectable loss of activity. EDTA (10 mM) also had no effect, suggesting the lack of an absolute metal ion requirement. However 10. However, the catalytic activity varied reversibly within this pH range. The effect of pH on log Vn (Fig. 4) indicated the presence of a catalytically important ionizable group (pK of 6.8). The bell-shaped plot of log Vm,,j/km versus pH (Fig. 5) indicated the involvement of two ionizable groups (pK1 of 7.2; pK2 of 8.5) in the binding process. The pKa value for the group responsible for the basic limb corresponded to the a-amino group of the LPNA substrate (pKa of 8.5).
Effect of amino acid-modifying agents. The arylamidase did not appear to be a sulfhydryl enzyme, since parachloromercuribenzoate (0.5 mM) and N-ethylmaleimide (50 mM) had no effect on enzyme activity. ,-Mercaptoethanol at a concentration level of 1.2 mM caused a 50o inhibition of enzyme activity. Noncompetitive inhibition was observed upon treatment of the Diazoacetyl-DL-norleucine methyl ester in the presence of copper (II) did cause a time-dependent inactivation of the arylamidase (Fig. 6 ). In the absence of copper (II), the diazoacetyl ester did not cause any observable loss of activity after 6 h. In reactions of this type, the reactive species has been postulated to be a copper (II)-complexed carbene which rapidly reacts with carboxyl groups, although alkylation of sulfhydryl groups is a side reaction in some cases (16) . In view of the lack of inactivation by other sulfhydryl reagents, it seemed likely that this reagent was modifying an essential carboxyl group(s). arylamidase-catalyzed hydrolysis of LPNA. Assays alis (3) suggested the possibility that histidine, were done at 250C in 100 mM of the following buffers: cysteine, or an a-amino group may play an (0) potassium phosphate; (A) Tris; (0) sodium borate. important role in the catalytic process. Substrate specificity studies indicated that large hydrophobic or basic R groups are critical factors in the formation of the enzyme-substrate complex (2) . Further active site studies would be complicated by the fact that purified arylamidase from N. catarrhalis rapidly loses activity during purification and storage (2) . Even under optimal conditions (frozen at -20°C in 30% sucrose), the enzyme loses 59% of its activity within 8 weeks.
On the other hand, the arylamidase from S. durans is quite stable (retains 98% of its activity after 6 months) and is more suitable for a study involving its mechanism of action. The purification procedure as outlined in Table 1 provides reasonable amounts of pure enzyme. In terms of its metal ion dependence, the arylamidase from S. durans somewhat resembles the enzyme from P. aeruginosa. The P. aeruginosa enzyme (molecular weight, 71,000), inactivated 60% when dialyzed with 0.1 M EDTA, was maximally reactivated by Mn2+ and Mg2+ (21) . These metal ions appear to function as nonessential activators as in the case of the S. durans enzyme. However, the amidase from P. aeruginosa when dialyzed in the absence of EDTA was not activated by either of these metal ions, suggesting the presence of tightly bound native metal ions. Activation studies on purified S. durans arylamidase yield dissociation constants of 0.93 mM for Mn2' and 4.8 mM for Mg2+, indicating that these activators moderately bind to the enzyme.
None of the studies involving bacterial arylamidases has indicated an absolute metal ion requirement (2, 21) . In contrast, many of the bacterial aminopeptidases (which possess arylamidase activity) have been shown to have metal ion requirements (7, 18, 19, 26) . (Preliminary studies on the aminopeptidase from S. durans have shown that 0.1 M EDTA causes a 46% inhibition which is reversed by 1 mM Co2+.) If the metal ions needed by these bacterial aminopeptidases play a direct role at the active site but are not needed by the arylamidases that lack N-terminal exopeptidase activity, then hydrolysis of arylamides by these two types of enzymes must proceed via a substantially different mechanism.
In terms of substrate specificity, the arylamidase of S. durans differs from those of P. aeruginosa (21) and N. catarrhalis (2) . The S. durans enzyme has no detectable N-terminal exopeptidase activity, whereas the enzymes from both of these other bacterial sources have dipeptidase activities. In the case of the P. aeruginosa enzyme, tripeptidase activity exists as well. In terms of substrate specificity, the aminopeptidase of S. durans with its broad Nterminal exopeptidase activity more closely resembles these other bacterial enzymes, although the aminopeptidase with a molecular weight of 300,000 is twice as large as the enzyme from N. catarrhalis and four times as large as the enzyme from P. aeruginosa. The arylamidase from S. durans also differs from the P-arylamidase of human liver (3, 4, 14) , which has also been shown to act on di-and oligopeptides.
The pH dependence of the purified arylami- (16, 20) , and Knowles et al. (13) have unequivocally shown that an aspartic acid residue is involved when pepsin is inactivated by diazoacetyl-L-phenylalanine ester in the presence of copper (II). In the case of the S. durans arylamidase, additional studies are needed to determine whether the inactivation caused by the diazoacetyl ester is indeed due to modification of a catalytically important carboxyl group. Lack of inactivation of the arylamidase by iodoacetate must be interpreted with caution. Under appropriate conditions, iodoacetate has been shown to react with freely accessible sulfhydryl, imidazole, thioether, or a-amino groups. However, the possibility exists that an amino acid residue such as histidine could still be responsible for the acid limb of the pH rate profile yet inaccessible to the iodoacetate.
The pKa value for the group responsible for the basic limb of the log Vmn/Krn-versus-pH plot corresponds to the a-amino group of the LPNA substrate. This would indicate that the protonated form of the a-amino group binds to an anionic site on the enzyme, and the basic limb of the above profile is more likely reflecting the ionization of the a-amino group of the substrate as opposed to a group located on the enzyme.
These initial findings suggest that an ionic bond exists between the positively charged aamino group of the substrate and the unprotonated form of an amino acid residue (pK of 7. 
